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Abstract:  Transmission of UV light with high beam quality and 
pointing stability is desirable for many experiments in atomic, 
molecular and optical physics. In particular, laser cooling and coherent 
manipulation of trapped ions with transitions in the UV require stable, 
single-mode light delivery. Transmitting even ~2 mW CW light at 280 
nm through silica solid-core fibers has previously been found to cause 
transmission degradation after just a few hours due to optical damage. 
We show that photonic crystal fiber of the kagomé type can be used for 
effectively single-mode transmission with acceptable loss and bending 
sensitivity. No transmission degradation was observed even after >100 
hours of operation with 15 mW CW input power. In addition it is shown 
that implementation of the fiber in a trapped ion experiment 
significantly increases the coherence times of the internal state transfer 
due to an increase in beam pointing stability. 
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1. Introduction  
Standard solid-core silica optical fibers are ideal for low-loss delivery of single-
transverse-mode beams from the visible to the infrared spectral range. There are, however, 
a number of applications in which single-mode delivery of ultraviolet (UV) light by fiber 
would be highly desirable. For example, experiments on coherent manipulation of trapped 
ions for precision spectroscopy and optical clocks [1-6], quantum information processing 
[7, 8] and trapped ion simulators [9, 10] all require good beam quality and pointing 
stability, which is normally precisely what single-mode optical fibers can provide. For 
these applications a loss of a few dB/m is acceptable so long as the transmission remains 
single-mode and stable over time. A number of problems arise, however, when using 
standard optical fibers in the UV. Although single-mode guidance can be maintained (for 
the same core-cladding index step) simply by reducing the core diameter by the ratio of 
the wavelengths, or by using an endlessly single-mode solid-core photonic crystal fiber 
(PCF), most glasses become highly absorbing in the UV, and furthermore the 
transmission degrades over time due to UV-induced color center formation and optical 
damage in the core. For example, Yamamoto et al. found that in a PCF with a solid silica 
core the transmission dropped by more than 90% after ~4 hours when using 3 mW CW 
light at 250 nm [11]. 
Recent experiments on nonlinear spectral broadening in gas-filled hollow core 
kagomé-style PCF have shown that these fibers are able to guide ultrashort pulses of UV 
light with losses of order 3 dB/m [12] and single-mode beam quality at average powers of 
~50 µW [13]. Finite element simulations indicate that the light-in-glass fraction in 
kagomé-PCF is typically <0.01%, which circumvents the problem of UV-induced long-
term damage in the glass. Kagomé-PCF can also be made effectively single-mode by 
decreasing the core size until higher-order modes have significantly higher propagation 
losses than the fundamental mode. A kagomé-PCF with 2 dB/m loss at 355 nm was 
recently demonstrated, but due to the relatively large core (~30 µm) it was highly 
multimode [14]. 
In this letter we report the fabrication of a series of kagomé-PCFs with core diameters 
of ~20 µm. The transmission loss was measured at 280 nm using the cut-back technique, 
and the output beam quality evaluated under varying in-coupling conditions. Simulations 
of the loss, together with transmission measurements, indicate that it is polarization-
dependent and limited by fabrication-induced variations in the thickness of the core-wall 
surround. In particular, we show for the first time that few-m lengths of these fibers are 
capable of transmitting continuous wave UV powers of several mW without degradation. 
Finally, we show that use of kagomé-PCF in a trapped ion experiment significantly 
increases the coherence times of the internal state transfer due to a reduction in beam-
pointing instabilities. 
 
2. Theory and methods 
The kagomé-PCFs were fabricated using the stack-and-draw technique [15]. Scanning 
electron micrographs (SEM) of one fiber are shown in Fig. 1. By careful control of the 
pressure applied to the core during drawing, samples with different core diameters and 
wall thicknesses could be obtained. For the UV wavelengths considered here (~280 nm), 
higher order modes typically experience significantly higher losses, resulting in kagomé-
fibers that are effectively single-mode. 
 
Fig. 1. (a) Scanning electron micrograph (SEM) of fiber sample A. (b) Close-up of the 
core structure with core-wall thickness measurements. 
Kagomé-PCFs guide light with a few dB/m loss over broad transmission windows 
(several hundred nm), interspersed with narrow bands of high loss [16]. The guiding 
mechanism in the low-loss regions is not yet fully elucidated, but appears to be a two-
dimensional generalization of the ARROW mechanism previously studied in planar and 
cylindrical structures [17]. The principal high loss bands occur at wavelengths where the 
core mode phase-matches to modes guided in the core wall, i.e., when [16, 17]: 
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where nm is the modal index (slightly less than 1 for the fundamental mode), hcw is the 
wall thickness, k = 2/ is the vacuum wavevector and ng() is the wavelength-dependent 
refractive index of the glass. 
We calculated the fiber loss using finite-element modelling (FEM) [18], including the 
dispersion of the silica glass [19]. To reduce computational complexity the kagomé 
structure was simplified to only one ring of air-holes around the core (inset of Fig. 2). 
Comparisons with simulations for the full kagomé-structure showed that this 
approximation works well, at least within the low-loss windows. It also accurately 
predicts the position and width of the high loss bands, although not the peak loss values. 
At a wavelength of 280 nm Eq. (1) predicts for m = 2 a high loss peak at a wall 
thickness of hcw = 252 nm, in agreement with the results of FEM (Fig. 2). For the same 
parameters, dλ/dhcw ~ 1.1, indicating that a 1 nm variation in core-wall thickness will 
cause a ~1 nm shift in the resonance. Since the variations in the actual fibers are much 
greater, this will cause strong inhomogeneous broadening of the loss peak. Azimuthal 
variations in core-wall thickness will also break the six-fold symmetry of the structure and 
cause birefringence and polarization-dependent loss. 
As shown in Fig. 1(b), careful analysis of the SEMs shows that the core wall thickness 
hcw for fiber A varies over the range 240±20 nm and for fiber B over the range 205±15 
nm. A fixed wavelength of 280 nm and a core diameter of 2rco = 18.7 µm (corresponding 
to fiber A) was used in the FEM, which were for an ideal structure with a constant core-
wall thickness. A realistic structure with azimuthal variations in core-wall thickness may 
display additional losses. The results are shown in Fig. 2. Within the measured range of 
core-wall thicknesses for fiber A, the loss can potentially reach above 100 dB/m. For fiber 
B, the calculated maximum loss can reach slightly above 1 dB/m. 
In Fig. 2 the main loss peak centered at hcw ~ 255 nm corresponds to the m = 2 
solution of Eq. (1). The additional loss peaks are caused by phase-matching to resonances 
in the complex cladding structure beyond the core surround and cannot be modeled using 
the simple approximations used in deriving Eq. (1). The closely spaced loss peaks found 
in Fig. 2 demonstrate that even though certain values of core-wall thickness would 
theoretically give very low loss (<0.001 dB/m), the loss will in practice be higher due to 
nm-scale variations in core-wall thickness in the actual fibers. 
 
Fig. 2: The loss of LP01-like modes in the simplified kagomé-structure shown in the inset, 
plotted against core-wall thickness. The results were calculated numerically using FEM. 
3. Experimental results 
A fiber laser emitting at 1121 nm was frequency-quadrupled to produce up to 20 mW at 
280 nm [2]. After spatial filtering to clean up the beam profile, the light was focused to a 
beam-waist of 15 µm using a lens of focal length 75 mm and launched into the fiber. 
3.1 Loss, bending and polarization properties 
The loss was measured using a multiple cut-back technique, without changing the fiber in-
coupling and keeping the fiber as straight as possible so as to minimize bending loss. The 
results are shown in Fig. 3(a). Fiber A had a measured core-wall thickness in the range 
~220-260 nm (Fig. 1(b)), and yielded a loss of ~3 dB/m, which is in agreement with the 
simulated value for a core-wall thickness of ~250-260 nm (Fig. 2). For fiber B the 
measured loss was ~0.8 dB/m, in agreement with the simulated loss (~1 dB/m) for a core-
wall thickness in the range 190-220 nm. 
Several mW of power at 280 nm was transmitted, representing typically ~48% of the 
launched power for fiber A (~1 m fiber length) and ~70% for fiber B (~1.3 m length). 
Bending was found to cause large variations in the transmitted power, probably due to 
enhanced leakage into the cladding and coupling to high-loss higher-order modes. If the 
fiber is either kept straight or the bending is not changed the output remained stable and, 
depending on the fiber alignment, the transmission can reach its maximum value for bend-
radii greater than ~20 cm. To quantify the bend-sensitivity the output power was 
measured while winding fiber A around a mandrel. The transmitted power exhibited 
fluctuations depending on the exact position and twist of the fiber. The output power was 
therefore recorded while rearranging the fiber and the maximum measured power was 
used to derive the bending loss.  For 5 turns at a bending radius of 16 mm the loss was 
smaller than 2.9 dB/turn, which is equivalent to more than ~25% transmission through 1 
m of fiber including one full turn with 16 mm bending radius. For 40 mm bending radius 
and up to 3 turns the measured loss was smaller than 2.7 dB/turn. 
It was also found that the transmission depends on the polarization state of the light. 
This is normally not expected in kagomé-PCFs with perfect six-fold symmetry, but as was 
shown with simulations in the previous section (see Fig. 2), the loss is sensitive to nm-
scale variations in core-wall thickness. Azimuthal variations in core-wall thickness can 
therefore result in polarization-dependent loss. In Fig. 3(b) the normalized transmission 
along 1 m lengths of fiber is plotted while varying the linear input polarization. There is a 
maximum ~20% (~1 dB/m) difference in output power between orthogonal polarizations 
for fiber A, and a maximum ~10% (~0.5 dB/m) for fiber B. To check that this variation 
was really due to the structure of the fiber, the measurement was repeated after turning the 
input end of the fiber by ~90°. As seen in Fig. 3(b) this simply rotated the plot by 90°, 
supporting that the effect was indeed due to the structure of the fiber. 
 
 
Fig. 3. (a) Cut-back loss measurement for fiber A (blue dots) and fiber B (green stars) at a 
wavelength of 280 nm. The linear fits correspond to 2.9 dB/m (blue, fiber A) and 0.8 
dB/m (green, fiber B). (b) Normalized transmission (center = 0.7) plotted radially versus 
orientation of the linearly polarized input light for fibers 1 m in length. After making the 
first measurement on fiber A (solid, blue) the input end of the fiber was turned by ~90° 
and the measurement repeated (red, dashed). The elliptical shape of the polarization-
dependent transmission follows the fiber orientation and exhibits a consistent maximum 
polarization-dependent loss of ~20%.  For the blue plot there was a slight misalignment 
during the measurement causing an error in the registration at 0° and 360°. An equivalent 
measurement for fiber B (black, dash-dotted) showed a maximum polarization dependent 
loss of ~10% . 
3.2 Output beam quality 
The robustness of the single-mode guidance was tested by monitoring the output beam 
profile while translating the input coupling beam across the input face of the fiber. Little 
evidence of higher-order modes was observed (Fig. 4). We note that in Ref. [14] the 355 
nm light output from a fiber with ~30 µm core diameter showed a highly multimoded 
pattern. The kagomé-PCFs considered here are effectively single-mode due to a smaller 
core diameter (~19 µm) and therefore higher loss for higher-order modes, which means 
that they act as simple mode-cleaners. 
 
Fig. 4. Measured near-field intensity profiles from fiber A for different transverse 
positions of the input beam. The coordinates refer to the horizontal and vertical 
displacements (in µm) of the focused laser spot from the core center. 
3.3 Lifetime investigation 
As mentioned in the introduction there is a current need for optical fibers that can deliver 
UV light with high beam quality without degradation due to UV-induced damage to the 
glass core. Experiments with a solid-core PCF showed that the transmission of 280 nm 
light dropped by more than 80% after 3 hours at a CW power level of only 2 mW, in line 
with previous reports [11]. 
FEM calculations indicate that less than 0.01% of the light in a perfect kagomé-PCF is 
guided in the glass [13], which suggests that UV-induced damage should be largely 
eliminated. To investigate this we launched 15 mW of 280 nm CW light into fiber A and 
monitored the transmission continuously over time. Within measurement error we could 
detect no change in the transmission after 100 hours. 
4. Applications 
In order to study the applicability of the fiber in trapped ion experiments, an intensity 
stabilization set-up was implemented. The fiber ends were fixed with sticky tape in the V-
groove of an aluminum block and the fiber was used to replace a periscope system that 
connected two stacked platforms. The distance from the output face of the fiber to the 
trapped ion was kept as short as possible so as to minimize residual pointing fluctuations 
from air currents. 
Pointing instabilities lead to intensity fluctuations at the position of the ion and can 
therefore limit the laser control of its internal state. For coherent manipulation of the ion 
we used a Raman beam configuration to excite the |F = 3, mF = 3 = |↓ ↔ |F = 2, mF = 2  
= |↑ transition in the 2S1/2 state of a 
25
Mg
+
 ion via near-resonant Raman coupling detuned 
by 9.2 GHz to the 
2
P3/2 excited state [2]. Here, F denotes the total angular momentum and 
mF its projection along the magnetic field direction. These so-called qubit states are 
separated by a hyperfine splitting of 1.789 GHz and further split by an external bias 
magnetic field that lifts the degeneracy of the magnetic sub-states. The Raman beams 
were generated by frequency quadrupling the output of a fiber laser at 1118 nm to 280 
nm. After splitting the UV light into two beams each one passed through several acousto-
optical modulators (AOMs) to bridge the frequency difference between the two qubit 
states. The complete optical set-up and the level scheme of 
25
Mg
+
 are described in [2]. 
Since no single-mode fibers were previously available at a wavelength of 280 nm, the 
original set-up consisted of free-space beam-paths approximately 5 m long. Air turbulence 
and small vibrations of mirrors and other optical components led to noticeable pointing 
fluctuations at the position of the ion. Furthermore, the AOMs distorted the beam shape, 
which caused additional intensity gradients across the beam profile. These were cleaned 
to a near-Gaussian transverse mode shape using the hollow core kagomé-PCFs discussed 
here. 
The effect of beam-pointing fluctuations was investigated by measuring the signal 
contrast for laser-driven coherent internal state oscillations both with and without a 
kagomé-PCF. To this end we recorded the internal state of the ion after coupling the two 
hyperfine states via the Raman lasers for different pulse durations (Rabi flopping). The 
excitation probability is determined by averaging the result of approximately 250 
repetitions of the experiment per Raman interaction time. If the position of the laser beam 
and therefore the light intensity on the ion fluctuates, the Rabi frequency (which is a 
function of the laser intensity) will change between subsequent experiments. During the 
averaging process this results in a reduction of the measured Rabi oscillation contrast, 
which can be described as a damped oscillation of the ground state population [20]: 
     1 02 1 cos
tP t e t

      (2) 
where Ω0 is the mean Rabi frequency, 
2
0 / 2    the decay rate of the Rabi oscillations, 
and Γ a scale-factor for the intensity noise. Competing effects that reduce the Rabi 
oscillation contrast further are the motional excitation of the ion in the trap due to its non-
zero temperature, and off-resonant scattering of the Raman beams [21]. Off-resonant 
scattering is not a fundamental limitation, since it can be mitigated by detuning the Raman 
resonance further from the atomic transition. Preparation of the ion close to the motional 
ground state of the |↓-state, via fast Raman sideband cooling [22] at the beginning of 
each experimental cycle, eliminates the influence of motional excitation on the Rabi-
flopping contrast. After cooling to a mean motional excitation of 0.02 0.02,n    where 
n  is the mean motional quantum number, we applied the Raman coupling for different 
pulse durations while actively stabilizing the intensity of the Raman lasers using a 
sample-and-hold intensity stabilization circuit. 
 
Fig. 5. Raman Rabi oscillations (a) without kagomé-PCF and (b) with kagomé-PCF in the 
set-up. The decay rate is extracted from a fit to Eq. (2) and the mean value over 7 
measurements is displayed in the corresponding graphs. The residual decay is dominated 
by off-resonant excitation from the Raman lasers due to the limited Raman detuning of 
9.2 GHz. 
Figure 5 shows experimental data for the Rabi flopping curves with and without the 
kagomé-PCF, together with a corresponding fit according to Eq. (2). The extracted decay 
rate  is shown in Fig. 5 and is averaged over 7 different measurements in each 
configuration. The resulting weighted average of the decay rates is 4.1±0.1 ms
-1
 with, and 
8.5±0.6 ms
-1
 without, the kagomé-PCF in place. The relatively strong residual decay is 
dominated by off-resonant excitation of the ion to the electronically excited 
2
P3/2 state, due 
to the limited Raman detuning of 9.2 GHz. This is confirmed in an independent 
experiment in which we initially prepared the ion in one of the two qubit states and then 
applied the Raman lasers detuned to the two-photon resonance by half the distance to the 
next resonance (1.1 MHz). Subsequent measurements of the internal state of the ion 
yielded the decay rates of the two states due to off-resonant excitation |↓ = 1.1±0.1 ms
−1
 
and |↑= 4.4 ± 0.4 ms
−1
, which are comparable to the residual decay rate of the Rabi 
oscillation with the kagomé-PCF in the set-up in Fig. 5(b). Further investigations at a 
larger Raman detuning would be necessary to determine the ultimate limit of residual 
Rabi frequency fluctuations. 
An additional advantage of adding the kagomé-PCF to this type of set-up for single 
ion experiments is that any realignment of the beam-path before the fiber does not shift 
the focal position on the ion, which is typically cumbersome to achieve in free-space set-
ups. 
5. Conclusions 
Kagomé-style photonic crystal fibers provide high-quality single-mode transmission at 
280 nm wavelength with losses of ~1 dB/m. The transmitted beam is free of laser pointing 
instabilities and unlike in solid-core fibers there is no perceptible drop in transmission due 
to UV-induced damage, even after 100 hours of operation at 15 mW. We note that an 
alternative approach, based on hydrogen-loading of a solid-core photonic crystal fiber, has 
recently been reported [23]. 
Acknowledgements 
F. Gebert, Y. Wan and P.O. Schmidt acknowledge support by DFG through QUEST and 
SCHM2678/3-1. Y. Wan acknowledges support from IGSM. 
